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Objectives. This study sought o determine whether temporary 
epicardial wire electrodes can be used safely and effectively to 
defibrillate the atria with low energy shocks in the absence of 
anesthesia. 
Background. Atrial fibrillation after open heart surgery is a 
significant clinical problem. 
Methods. Twelve dogs with sterile pericarditis were studied. In 
the first group (6 dogs, bilateral thoracotomy group), a wire 
electrode, insulated except for the distal 6 em, was placed on the 
epicardial free wall of each atrium. Each end of the bare wire was 
then sutured to the parietal pericardium. In the second group (6 
dogs, median sternotomy group), the wire electrodes were kept in 
place by a double loop of Prolene placed around the distal tip of 
the bare wire and sewn to the overlying parietal pericardium. In 
the bilateral thoracotomy group, atrial defibrillation thresholds 
(defined as <90% and > 10% successful defibrillation of 20 shocks 
at a given delivered energy) were obtained in anesthetized dogs 
using the wire electrodes with the chest closed and open and using 
two transvenously placed catheters with coil electrodes in the 
distal 6 cm (one in the coronary sinus and the other in the right 
atrial appendage) with the chest open. In the median sternotomy 
group, thresholds were obtained in minimally sedated animals 
without reopening the chest. A 25% increase above threshold 
shock was also used to determine a new percent success. After 4 
days, the wire electrodes were removed by pulling on the external 
ends. At the time of removal, blood pressure and heart rate were 
monitored for 30 min, after which dogs were killed and their 
hearts sent for histopathologic study. For all dogs, chest radio- 
graphs were obtained postoperatively and on study days. 
Results. Atrial defibrillation using the wire electrodes was 
successful in all dogs at a mean (_+SE) voltage of 112 _+ 9 V, with 
an energy level of 0.46 -+ 0.07 J and an impedance of 59.3 + 
5 ohms. The mean percent success at the atrial defibrillation 
threshold was 36 _+ 5%. The 25% increase in defibrillation voltage 
improved the mean percent success to 73% (mean energy 0.66 + 
0.19 J). No clinical or hemodynamic complications were observed 
during shock delivery, and no ventricular arrhythmias were 
induced during the shocks. No complications followed wire elec- 
trode removal. Histopathologic analysis showed no structural 
damage. 
Conclusions. The atrial defibrillation threshold obtained using 
temporary epicardial wire electrodes for atrial defibrillation is < 1 
J in dogs. Atrial defibrillation using temporary epicardial wire 
electrodes can be performed safely, quickly and reliably without 
the need for anesthesia or antiarrhythmic agents. The wire 
electrodes can be removed without adverse hemodynamic or 
structural consequences. These data provide a basis for testing 
atrial defibrillation using epicardial wire electrodes in patients 
after open heart surgery. 
(J Am Coil Cardio11995;26:1356- 64) 
Recently there has been increasing interest in developing 
methods to defibrillate the atria by nonconventional means, 
that is, without the use of high energy shocks delivered through 
external electrodes. In this regard, initial studies in sheep 
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(1-5), dogs (6-8) and humans (9-13) have shown the feasi- 
bility of terminating induced atrial fibrillation using low energy 
shocks delivered through transvenous catheter electrodes. A
study by our laboratory (6) in the sterile canine model of atrial 
fibrillation also showed that atrial defibrillation could be 
accomplished safely and reliably and with shock energies <1 J. 
The use of temporary epicardial stainless teel wire elec- 
trodes is well established for the diagnosis and treatment of 
arrhythmias after open heart surgery in patients (14-21). 
Atrial fibrillation is very common in patients after open heart 
surgery (16,17,22-24). It is a logical extension to investigate 
whether temporary epicardial wire electrodes could be used 
safely and effectively to deliver low energy shocks to defibril- 
late the atria. We therefore studied a canine sterile periearditis 
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Figure 1. Epicardial defibrillation wire 
electrodes. The atraumatic urved 
needle (right) is followed by the 10-cm 
length of 2-0 Prolene, which is at- 
tached to the very tip of the wire 
electrode. After the tip, note the 6-cm 
bare distal end of the wire electrode. 
The insulation was splayed back to 
prevent further advancement of the 
epicardial defibrillation wire elec- 
trodes. 
model of atrial fibrillation (25) to test the hypothesis that by 
using temporary epicardial wire electrodes placed on the left 
and right atrium at the time of operation, 1) atrial defibrillation 
could be successfully accomplished by delivering shocks <1 J; 
2) this defibrillation could be performed safely, quickly and 
reliably without the need for anesthesia or antiarrhythmic 
agents; and 3) these wire electrodes could be removed without 
adverse hemodynamic or structural consequences. 
Methods 
Atrial defibrillation using low energy shocks delivered 
through temporary wire electrodes overlying both atrial free 
walls was studied 2 to 3 days after creation of sterile pericar- 
ditis in 12 adult, conditioned, heart-worm-free mongrel dogs 
weighing 29 + 1 kg (mean + SE). In all 12 dogs, atrial defibril- 
lation was studied after sustained atrial fibrillation (lasting 
->5 min) was induced with rapid atrial pacing. All studies were 
performed in accordance with guidelines specified by the Institu- 
tional Animal Care and Use Committee, the "Position of the 
American Heart Association on Research Animal Use" adopted 
by the Association in November 1984 and the current Public 
Health Service Policy on Humane Care and Use of Laboratory 
Animals. 
The study was performed intwo sequential phases. The first 
phase was designed to test the feasibility of atrial defibrillation 
with epicardial defibrillation wire electrodes and to compare 
endocardial nd epicardial atrial defibrillation thresholds. The 
second phase of the study was designed to be more clinically 
relevant, with the epicardial defibrillation wire electrodes 
implanted in a manner esembling clinical use. 
Preparation of model and placement of electrodes. Sterile 
pericarditis was created as previously described (26). Two pairs 
of stainless teel wire electrodes coated with FEP polymer 
except for the tip (O Flexon, Davis and Geck) were sutured to 
the interatrial band, known as Bachmann's bundle, and to the 
right atrial appendage. This set of two pairs of stainless-steel 
wire electrodes was used subsequently for pacing and record- 
ing purposes only. The set was not used to deliver the 
defibrillation shocks. 
A pair of temporary wire electrodes (Temporary Myocar- 
dial Pacing Lead 6500, Medtronic France S.A., Fourmies, 
France) was sutured to the right ventricular apex. These wire 
electrodes were for subsequent connection to the R wave 
detector of the atrial defibrillator to permit ventricular syn- 
chronization. These ventricular wire electrodes were brought 
out through the lateral chest wall. 
A pair of custom-made FEP-insulated, multifilament, stain- 
less steel wire electrodes with a 6-cm noninsulated area at the 
distal tip and a straight atraumatic breakaway needle on the 
proximal end of the wire was also used (Fig. 1). Each wire 
electrode had attached to the distal tip a 10-cm length of 2-0 
Prolene suture that erminated in an atraumatic curved needle. 
Each curved needle was placed through the parietal pericar- 
dium such that one 6-cm noninsulated nd overlay the left and 
the other the right atrial epicardial free wall (Fig. 2). Each bare 
(i.e., noninsulated) portion of the wire electrode was covered 
by the parietal pericardium. The straight needle ends were 
externalized through the anterolateral chest wall, then broken 
in half at the breakaway point and secured with a knot. These 
electrodes were used for delivering shocks during the subse- 
quent atrial defibrillation studies. To avoid confusion with the 
different wire electrodes placed on the heart, these wire 
electrodes are hereinafter referred to as the epicardial defibril- 
lation wire electrodes. 
The study was done in two sequential phases, which re- 
quired minimal modification of the previously described 
method to create the sterile pericarditis. During the first phase, 
six dogs had a bilateral thoracotomy through the fourth 
intercostal space instead of the usual right lateral thoracotomy 
at the initial operation to produce the sterile pericarditis 
(bilateral thoracotomy group). The epicardial defibrillation wire 
electrodes were sutured permanently tothe overlying parietal 
pericardium at both ends of the 6-cm bare tip. With the 
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Figure 2. Two views of the canine heart showing the epicardial 
defibrillation wire electrodes in place. The distal 6 cm of the epicardial 
defibrillation wire electrodes i  represented bya thick black line 
terminating in a white box, the latter epresenting the wire electrode 
tips as shown in Figure 1. As can be seen, the total 6-cm noninsulated 
end of each electrode overlies the left and the right atrial epicardial 
free walls, respectively. IVC = inferior vena cava; LAA = left atrial 
appendage; PV = pulmonary veins; RAA = right atrial appendage; 
SVC = superior vena cava. Modified from Getty R, editor. Sisson and 
Grossman's: The Anatomy of the Domestic Animal. Philadelphia: 
Saunders, 1975:1594. 
knowledge gained from this successful first phase, we moved to 
the second phase of the study, which was designed to be more 
clinically relevant. Thus, a new group of six dogs had a median 
sternotomy performed (median sternotomy group). Also, the 
epicardial defibrillation wire electrodes inthis group were held 
in place with a double loop tie made with the 2-0 Prolene 
suture and sewn to the immediately overlying parietal pericar- 
dium. At the proximal end of the 6-cm bare electrode tip, the 
insulation was splayed back 1 cm on the external aspect of the 
parietal pericardium to prevent advancement of the insulated 
epicardial defibrillation wire electrode under the parietal 
pericardium. These changes in securing the epicardial defibril- 
lation wire electrodes over the atrial free walls also permitted 
their removal at a time of our choosing without reopening the 
chest. 
At the completion of the operation, dogs were given 
antibiotic and analgesic agents, and were then allowed to 
recover. Postoperative care included administration f antibi- 
otic and analgesic agents. 
Atrial defibrillation studies. In all dogs, posteroanterior 
and lateral X-ray films of the chest were taken in the immedi- 
ate postoperative p riod and compared with subsequent films 
taken on the day of the atrial defibrillation studies (before the 
study) to determine the location of the electrodes and their 
possible movement. Films were taken using a General Electric 
DXD 525 machine using the following settings: for posteroan- 
terior films, 10.0 mA and an average of 106 kV; and for lateral 
films, 1.66 mA and an average of 96 kV. 
Bilateral thoracotomy group. Atrial defibrillation thresholds 
were obtained under pentobarbital nesthesia. These dogs 
were mechanically ventilated using a Boyle anesthesia machine 
to deliver 100% oxygen. Arterial pressure was continuously 
monitored using a pressure transducer connected toa pressure 
amplifier on an Electronics-for-Medicine oscilloscopic re- 
corder (model VR-16). The body temperature of each dog was 
kept within the normal physiologic range throughout the study 
by using a heating pad. The atrial defibrillation thresholds were 
first obtained with the chest closed using the epicardial defi- 
brillation wire electrodes placed at initial operation. The chest 
was then reopened through the right thoracotomy incision, and 
a second atrial defibrillation threshold was obtained using the 
same epicardial defibrillation wire electrodes. After obtaining 
the threshold, the pericardium was opened, the epicardial 
defibrillation wire electrodes were removed, and the heart was 
cradled in the pericardium. Visual inspection of the atrial 
tissue around the previous locations of the epicardial defibril- 
lation wire electrodes was made. Two transvenous catheters, 
each with a 6-cm coil electrode at the distal end, were then 
placed by manual palpation through the right internal jugular 
vein, one in the coronary sinus and the other in the right atrial 
appendage along the anterolateral AV groove (1-4,6). The 
fourth and fifth ribs were apposed using two towel clamps, and 
a third atrial defibrillation threshold was obtained using the 
catheter electrodes. The data were then compared. Arterial 
blood gases were obtained every 30 min during the defibrilla- 
tion threshold study, and values were kept within normal range 
by modifying the ventilatory settings as needed or using sodium 
bicarbonate. 
Median sternotomy group. Atrial defibrillation thresholds 
were obtained in minimally sedated animals using xylazine at a 
dose of 1.1 mg/kg body weight. The sedation was used princi- 
pally to keep the dogs quiet during connection of the wire 
electrodes to the recording/defibrillation system. The atrial 
defibrillation thresholds were obtained in these animals only 
with the chest closed and using only the epicardial defibrilla- 
tion wire electrodes placed at initial operation. 
Induction ofatrialfibrillation. In all 12 dogs, beginning on 
the second or third postoperative day, induction of sustained 
atrial fibrillation was attempted. Using previously described 
rapid atrial pacing techniques (25-27), atrial fibrillation was 
induced by pacing from one of the atrial electrode sites 
(Bachmann's bundle or right atrial appendage). All pacing was 
performed using stimuli of at least twice diastolic threshold 
and either up to 20 mA using a modified Medtronic 5325 
programmable battery-powered stimulator with a pulse width 
of 1.8 ms, or up to 50 mA with a modified Bloom stimulator 
with a pulse width of 2.0 ms when atrial capture was not 
consistently achieved with the first stimulator. 
Data acquisition. Data were monitored continuously on an 
Electronics-for-Medicine switched-beam oscilloscopic re- 
corder (model VR-16) and recorded as needed on photo- 
graphic paper at a speed of 100 mm/s. All data were also 
recorded simultaneously on FM tape using a tape recorder 
(Honeywell 101) for subsequent playback and analysis. Digital 
recordings of both normal sinus rhythm and atrial fibrillation 
were recorded using a customized isolated interface/amplifier 
(lnControl) and digitized on a Macintosh Quadra 700 com- 
puter (Apple Computer) with custom LABVIEW software 
(National Instruments) before each atrial defibrillation deter- 
mination. Before, during and after the induction of sustained 
atrial fibrillation and during and immediately after the atrial 
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Figure 3. Algorithm for determination f atrial defibril- 
lation thresholds (ADFT). See text for discussion. 
ATRIAL 
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Median sternotomy group 
defibrillation attempts, bipolar electrograms from Bachmann's 
bundle, the right atrial appendage and the ventricular apex 
were recorded simultaneously along with electrocardiographic 
leads I, II and III. 
Atrial defibrillation protocol. A customized LABVIEW soft- 
ware program running on a Macintosh Quadra 700 computer 
was used to control a defibrillator (InControl) that delivered R
wave synchronous biphasic waveforms (3 ms/3 ms) shocks to 
the atria through the temporary epicardial defibrillation wire 
electrodes (5,11,28-30). This waveform was generated from a 
single fixed capacitor with a value of 90 ~F. The total duration 
of the waveform was fixed at 6 ms. For each shock, the 
LABVIEW software package also acquired the delivered 
voltage and current waveforms. From the acquired shock 
waveform data, the software calculated the delivered energy 
and shock impedance. For each atrial defibrillation attempt 
using the epicardial defibrillation wire electrodes, the elec- 
trode catheter overlying the left atrial flee wall served as the 
cathode, and the electrode catheter overlying the right atrial 
free wall served as the anode with respect to the first 3 ms of 
the shock. All shocks were synchronized to the ventricular 
potential sensed from the right ventrieular apex temporary 
epicardial wire electrodes. Shocks were limited by the software 
to preceding RR intervals in excess of 450 ms. 
After sustained atrial fibrillation was induced, atrial defi- 
brillation thresholds (Fig. 3) were determined using a modified 
technique described by Ayers et al. (5), starting with a shock of 
50 V, and incrementing the intensity by 10 V per shock until 
atrial fibrillation was terminated. After the initial atrial defi- 
brillation, sinus rhythm was allowed for 30 s, after which atrial 
fibrillation was reinduced, and defibrillation was again at- 
tempted at that same intensity. In this manner, 20 shocks were 
delivered at this intensity to determine the percent success at 
that given shock strength. After each success, inus rhythm was 
again allowed for 30 s, atrial fibrillation was reinduced, and a 
new shock was delivered 1 min after each atrial fibrillation 
induction. To establish the atrial defibrillation threshold, the 
percent success at that shock strength ad to be >10% and 
<90%. If the percent success was not >10%, the shock 
strength was increased by 10-V steps, and atrial defibrillation 
was retested as done previously for each increment. If the 
percent success was not <90%, the shock strength was de- 
creased by 10-V steps and defibrillation was retested as before 
for each step. 
For the median sternotomy group, after first obtaining the 
atrial defibrillation threshold as described earlier, a new set of 
20 shocks was delivered at a shock strength 25% above the 
previously established atrial defibrillation threshold, and an- 
other percent success value was obtained. After the atrial 
defibrillation protocol was completed in the median sternot- 
omy group, the dogs were returned to their cages and observed 
for 4 more days. 
Epicardial defibrillation wire electrode removal (median 
sternotomy group). In addition to the other two sets, chest 
X-ray films were taken on postoperative day 7 before the 
temporary epicardial defibrillation wire electrodes were re- 
moved. On that day, each dog was anesthetized with pento- 
barbital (30 mg/kg body weight intravenously) and mechani- 
cally ventilated using a Boyle anesthesia machine to deliver 
100% oxygen. Arterial pressure was continuously monitored as 
previously described. The body temperature of each dog was 
kept within the normal physiologic range throughout the study 
by using a heating pad. When an adequate l vel of anesthesia 
was achieved, the temporary epicardial wire electrodes used 
for atrial defibrillation were removed simply by pulling on the 
external ends, much as is done routinely to remove temporary 
wire electrodes in patients (14,21). Both arterial pressure and 
heart rate were then continuously monitored for 30 min, after 
which the dogs were euthanized. Each dog was its own control, 
and both heart rate and arterial pressure before and for 30 rain 
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Figure 4. Chest X-ray films showing the epicardial defibrillation wire 
electrodes. A, Lateral projection. B,Anteroposterior projection. Note that 
the position of the wires can be assessed with accuracy: RA indicates the 
tip of the epicardial defibrillation wire electrode over the fight atrial free 
wall; LA indicates the tip of the epicardial defibrillation wire electrode 
over the left atrial free wall; SL indicates the tips of the sensing leads for 
V wave synchronization placed on the right ventricular pex. The other 
wires represented are the two pairs sutured in the interatrial band 
(Bachmann's bundle) and in the right atrial appendage that were used for 
atrial fibrillation induction and pacing purposes. 
after removal of the epicardial defibrillation wire electrodes. 
The heart was then excised along with the pericardium and 
kept in formaldehyde solution 10% wt/wt, 25% formalin for 7 
days before histopathologic study. 
Definitions. As originally described by Wells et al. (16) 
atrial fibrillation was defined as a rapid atrial rhythm (rate 
>260 beats/rain) characterized by variability of the beat-to- 
beat cycle length, polarity, configuration or amplitude of 
recorded bipolar atrial electrograms. Sustained atrialfibrillation 
was defined as atrial fibrillation lasting ->5 min. Sustained 
atrial fibrillation was required before threshold etermination. 
Successful atrial defibrillation was considered the immediate 
return to sinus rhythm after the shock delivered by the 
defibrillator. 
Statistical analysis. All statistical analysis was performed 
using JMP software (SAS Institute) running on a Macintosh 
Quadra 700 platform (Apple Computer). Continuous numer- 
ical data requiring comparison were subject o one-way anal- 
ysis of variance for comparing the effect of group differences. 
These data included body weights, atrial defibrillation thresh- 
olds and stimulus variables. A p value <0.05 was considered 
statistically significant. 
Resu l ts  
Temporary epicardial defibrillation wire electrode place- 
ment. The X-ray films of the chest (Fig. 4, A and B) were used 
to show and assess the position of the epieardial defibrillation 
wire electrodes on both atria. There was no movement of the 
epicardial defibrillation wire electrodes in the six bilateral 
thoracotomy group dogs during the first study phase nor in 
four of six median sternotomy group dogs. In one median 
sternotomy group dog, the epicardial defibrillation wire elec- 
trode over the right atrial free wall became displaced own- 
ward 1.5 em by the second postoperative day (seen on the 
X-ray film taken before the defibrillation study). The atrial 
defibrillation study performed on that day showed no differ- 
ence between the atrial defibrillation threshold obtained that 
day in that dog and the mean atrial defibrillation threshold in 
the remaining 11 dogs. In this dog, there was also no difference 
between the impedance obtained during the atrial defibrilla- 
tion shocks and the mean impedance from all dogs studied. 
Also, in this dog, there was no further movement of either 
epicardial defibrillation wire electrode on subsequent days, as 
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indicated by the chest X-ray films taken on day 7 (not shown). 
In another median sternotomy group dog, epicardial defibril- 
lation wire electrode displacement was suspected close to the 
end of the defibrillation threshold determination study as a 
result of an abrupt increase in impedance (from a mean of 60 
ohms to a mean of 110 ohms) and an increase in the size of the 
ventricular signal recorded from the epicardial defibrillation 
wire electrodes. Although initially well sedated, this dog had 
become agitated. Because the epicardial defibrillation wire 
electrodes were attached to the recording/defibrillation con- 
nectors, it was assumed that one of the epicardial defibrillation 
wire electrodes had been pulled from its normal position 
before the dog was again appropriately sedated. This study was 
discontinued, and the chest X-rays taken at that moment 
showed a displacement of the left atrial free wall epicardial 
defibrillation wire electrode toward the ventricular apex (i.e., 
off the atrium) (Fig. 5, A and B). No ventricular arrhythmic 
events were noted throughout the study in any dog. 
Atrial defibrillation thresholds. Atrial fibrillation was suc- 
cessfully terminated in all 12 dogs by delivery of an atrial shock 
at a mean voltage of 112 +_ 9 V, with a mean energy of 0.46 + 
0.07 J and a mean impedance of 59.3 _+ 5 ohms (Fig. 6). The 
mean percent success at the atrial defibrillation threshold was 
36 + 5%. There was no statistical difference in any variable 
between studies in the bilateral thoracotomy or median ster- 
notomy groups for comparison of defibrillation using the 
temporary epicardial defibrillation wire electrodes. In the six 
Figure 5. Chest X-ray films showing displacement of the left atrial free 
wall epicardial defibrillation wire electrode. A, Chest X-ray film 
(lateral projection) taken on the second postoperative day before start 
of the atrial defibrillation threshold etermination study. Abbrevia- 
tions and symbols as in Figure 4A. B, Same projection taken after 
discontinuation of the study. The white dashed line represents the 
original position of the left atrial free wall epicardial defibrillation wire 
electrode as in Figure 5A (as~dsk indicates its tip). Note the displace- 
ment of that epicardial defibrillation wire electrode toward the ventfieular 
apex, that is, off the atrium. See text for further discussion. 
median sternotomy group dogs, shocks delivered at a 25% 
increase above the strength of the atrial defibrillation thresh- 
old (mean energy 0.66 + 0.19 J) improved the mean percent 
success to 73% for this higher shock intensity. 
Safety of shocks. Shocks were delivered only during R 
waves with a preceding cycle length ->450 ms and a mean of 
66 +_ 5 shocks/dog were delivered for a total of 800 shocks. No 
proarrhythmic (ventricular arrhythmias, inus arrest, ectopic 
tachyarrhythmias or bradyarrhythmias) or hemodynamic com- 
plications (hypotension or hypertension) were observed as a 
result of shock delivery. 
Comparison of atrial defibrillation between catheter elec- 
trodes and epicardial defibrillation wire electrodes (bilateral 
thoracotomy group). Table 1 shows the mean voltage, mean 
energy, mean impedance and mean percent success obtained 
at the atrial defibrillation threshold for the bilateral thoracot- 
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Figure 6. Representative example of atrial defibrillation. Electrocar- 
diographic (ECG) leads ! and II simultaneously recorded with atrial 
electrograms from the right atrial appendage (RAA) and Bachmann's 
bundle (BB) and a bipolar ventricular electrogram from the right 
ventricular pex (RVA). The atrial recordings clearly demonstrate the 
presence of atrial fibrillation with markedly variable configuration, 
amplitude, polarity and cycle length of the atrial electrograms. Vari- 
able atrioventricular conduction, denoted by the irregular RR intervals 
on the ECG, is also present. After the atrial defibrillation shock, in this 
case 90 V and 0.40 J, there is immediate r turn to normal sinus rhythm. 
only group. No difference was detected in voltage or energy. 
between the three parts of that study (p > 0.05). Actually, our 
power to show a statistical difference was weak (to show a 20-V 
difference in threshold, we had a statistical power of 55.4%; to 
show a 0.1-J difference inenergy, we had a statistical power of 
33%). However, even if there was a statistically significant 
difference at these levels, it most likely has no clinical meaning. 
What is of note is that the atrial defibrillation threshold was 
low. There was no difference in impedance between closed and 
open chest studies using the epicardial defibrillation wire 
electrodes (p > 0.05). 
There was a significant difference in impedance between 
use of the epicardial defibrillation wire electrodes and intra- 
venous catheter electrodes (p < 0.05). The overall mean 
percent success at the atrial defibrillation threshold was 38.6 ± 
8, with no statistical difference among the three methods used. 
Removal of temporary epicardial defibrillation wire elec- 
trodes. On postoperative day 7 in the median sternotomy 
group, the temporary epicardial defibrillation wire electrodes 
were removed. There was no change in the hemodynamic 
variables analyzed because both heart rate and blood pressure 
remained stable during the 30 rain after removal of the 
epicardial defibrillation wire electrodes. Also, there was no 
evidence of active bleeding from either the pericardial "punc- 
ture" sites or the epicardial aspects of the atria underlying the 
location of the epicardial defibrillation wire electrodes. No dog 
died during the 30-rain postremoval period. 
Histopathoiogic analysis. All six dogs in the median ster- 
notomy group had moderate to marked iffuse pyogranuloma- 
tous epicarditis associated with talc crystal deposits. Areas of 
epicardial hemorrhage were present. Myocardial damage was 
observed in 24 of 30 sections of right atrium and in 9 of 19 
sections of left atrium from the six dogs. This damage could not 
be attributed to the presence of the defibrillation wire elec- 
trodes; rather, it was the result of inflammation secondary to 
the talc-induced pericarditis. In the right atrium, the most 
frequent alteration was focal myocardial fibrosis (11 of 30 
sections), and less common lesions were focal myocardial 
necrosis (6 of 30 sections), diffuse myocardial fibrosis (5 of 30 
sections), diffuse myocardial necrosis (4 of 30 sections) and 
scattered necrotic myocytes (3 of 30 sections). In the left 
atrium, focal myocardial fibrosis was present in 8 of 19 
sections, and focal myocardial necrosis was observed in 4 of 19 
sections. The amount of damaged myocardium was estimated 
to be <0.05% of heart weight. Also, no increased inflammation 
could be attributed to either of the epicardial defibrillation 
wire electrodes (Fig. 7, A and B). 
Discuss ion 
The data from the present study show that atrial defibrilla- 
tion using temporary epicardial defibrillation wire electrodes 
placed on the right and left atrium in a canine model can be 
accomplished ffectively and safely, with remarkably ow shock 
energies. Furthermore, the efficacy of defibrillation using the 
temporary epicardial defibrillation wire electrodes i indistin- 
guishable from that using specially designed electrodes placed 
in the coronary sinus and the right atrial appendage in a 
previous tudy (6) and in the present one. Temporary epicar- 
dial wire electrodes have long been an established part of 
postoperative arrhythmia management i  patients after open 
heart surgery (14-21,31). In view of the well recognized 
frequency of atrial fibrillation after open heart surgery, it is a 
logical extension to utilize temporary epicardial defibrillation 
wire electrodes to achieve successful, safe and easy atrial 
defibrillation when appropriate in patients after open heart 
surgery. This technique remains to be tested in humans, but it 
certainly seems feasible on the basis of data from the present 
study. In addition, the present study evaluated a pericarditis 
model of atrial fibrillation, which was suggested by the com- 
mon occurrence of atrial arrhythmias in patients after open 
Table 1. Comparison ofCatheters and Epicardial 
Thoracotomy Group 
Defibrillation Wire Electrodes inBilateral 
Chest closed, wire electrodes 
Chest open 
Wire electrodes 
Catheter lectrodes 
103.3 _+ 5.88 
103.3 z 5.90 
00.0 -_ 5.8O 
~).36 + 0.04 62.0 _+ 1.48 37.5 
i~.37 + (/.04 65.1 _+ 1.48 40.2 
0.30 + (I.04 55.0 + 1.40 38.1 
Voltage (V) Energy (J) Impedance (ohms) Percent Success 
(mean --- SE) (mean _+ SE) (mean _+ SE) (mean) 
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Figure 7. ~, Pathologic study of an area in the right atrial free wall far 
from the epicardial defibrillation wire electrodes. There is diffuse, 
marked pyogranulomatous epicarditis with leukocytic infiltration, scat- 
tered talc crystals and prominent vascularity. There are areas of fibrin 
deposition and extensive early fibrous organization. Magnification 
350x, reduced by 35%. B, Pathologic study of an area in the right atrial 
free wall in the same heart, under the epicardial defibrillation wire 
electrode, shows imilar findings characterized by epicarditis with 
mononuclear leukocytes and elongated talc crystals. Magnification 
x350, reduced by 36%. 
heart surgery and their association with the time course of 
pericarditis. This clinical counterpart makes it reasonably 
likely that studies using this model are relevant o patients 
after open heart surgery. 
Central philosophic concept in atrial defibrillation. Cen- 
tral to the present study and several others (16,17,22,31) is the 
principle that atrial defibrillation is rarely life threatening. 
Thus, every atrial defibrillation shock delivered oes not have 
to defibrillate the atria successfully. It has also been demon- 
strated (9,32) that when energy shocks >1 J are delivered to a 
patient, subjective discomfort ranging from mild to intolerable 
is experienced by most patients. Therefore, instead of achiev- 
ing 100% shock efficacy with a painful shock, it seems worth- 
while to accept a lesser degree of efficacy (e.g., 30% to 60%) 
for a painless hock. This principle also was well demonstrated 
in the present study because the mean energy of the atrial 
defibrillation threshold was <0.5 J. In the median sternotomy 
group, when we increased the energy delivered by 25%, the 
success rate increased to 73%, and the energy required was still 
low, <0.7 J. Recent work (13) in humans howed that using 
custom-made atrial paddles, a50% success rate for cardiover- 
sion was achieved with 0.37 J and an 80% success rate with 
0.57 J (13). Whether such a low energy shock delivered from 
these temporary epicardial defibrillation wire electrodes will be 
possible in patients remains to be demonstrated. Nevertheless, 
the present data are most encouraging. 
Safety of technique. The present study clearly shows that 
temporary epicardial defibrillation wire electrodes can be 
placed effectively and safely. Moreover, we also showed that 
the electrodes can be removed safely and without any adverse 
effects, much as is presently done in removing epicardial pacing 
wire electrodes routinely placed at operation for later diagnos- 
tic and therapeutic use (pacing and recording) (9,19-21). 
Thus, no hemodynamic or electric complications were ob- 
served either during defibrillation shocks or during the 30 rain 
after removal of the epicardial defibrillation wire electrodes. 
Histologic studies confirmed that there were no adverse patho- 
logic effects of placement of electrodes or delivery of shocks 
through the epicardial defibrillation wire electrodes. 
Not a single episode of ventricular arrhythmia resulted 
from a mean of 66 _+ 5 shocks/dog, for a total of 800 shocks in 
the present study. Epicardial defibrillation wire electrode 
displacement either produced no change in the atrial defibril- 
lation threshold espite being displaced on the atrial free wall 
or produced a marked increase in impedance and an increase 
in the amplitude of the ventricular electrograms, which easily 
alerted us to displacement. Because all shocks are delivered 
well beyond the refractory period of the ventricles, lead 
displacement and ventricular proarrhythmia should not be 
considered a safety issue. 
Other safety aspects of atrial defibrillation are also clearly 
important. The shock must be timed so that it is not delivered 
during the ventricular vulnerable period. Studies are still being 
performed to define the safety zone for delivery of atrial 
shocks, but in the present study and in large series of other 
studies from our laboratory (33) and other laboratories (5), it 
seems clear that a safety zone can predictably be found. If the 
shock is not delivered uring the safety zone, the possibility of 
inadvertent precipitation ofventricular fibrillation is possible, 
much as with standard transthoracic defibrillation/ 
cardioversion or internal cardioversion of ventricular arrhyth- 
mias (34,35). Also, studies are currently being performed to 
test atrial defibrillation in the presence of therapeutic or toxic 
levels of cardioactive substances (33,36). Whether atrial defi- 
brillation threshold values will remain the same or decrease or 
increase depending on the cardioactive medication adminis- 
tered and other safety issues, such as the safety zone for 
delivery of a shock to avoid ventricular arrhythmias, will also 
be critical issues in the management of the patients. 
Clinical implications. Recent pilot studies (9,37) using 
transvenous catheter electrodes placed in the coronary sinus 
and right atrial appendage ofpatients have demonstrated that 
atrial defibrillation can be accomplished with very low energy 
shocks. The catheter electrodes inthose studies were placed in 
locations imilar to ours in a previous canine model (6) and in 
the present study in the bilateral thoracotomy group. Because 
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no difference was detected ineither voltage or energy delivered at 
the defibrillation threshold between the transvenous catheter 
electrodes and epicardial defibrillation wire electrodes in our 
study, our results may have direct clinical relevance. Also, the 
results of these pilot studies with transvenous catheter electrodes 
have been so encouraging as to cause us to be optimistic that the 
same success with low energy shocks can be achieved in patients 
using epicardial defibrillation wire electrodes as well. 
Conclusions. In a canine model of sterile pericarditis atrial 
fibrillation, the energy required for atrial defibrillation using 
temporary epicardial defibrillation electrodes i well below 1 J. 
Atrial defibrillation using temporary epicardial wire electrodes 
can be performed safely, quickly and reliably, without he need 
for anesthesia or antiarrhythmic agents. The wire electrodes 
can be removed without adverse hemodynamic or structural 
consequences. Atrial defibrillation using epicardial defibrilla- 
tion electrodes may be a safe and effective treatment of atrial 
fibrillation after cardiac surgery. 
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these studies. 
References 
1. Avers GM, llina MI, Wagner D, Kreycnhagen P, Bernard S, Alferncss CA. 
Cardiac vein electrode locations for transvenous atrial defibrillation [ab- 
stract]. J Am Coil Cardiol 1993;21:306A. 
2. Ayers GM, Ilina MI, Wagner DO. Sirokman WA, Griffin JC, Alfcrncss CA. 
Right atrial electrode locations for transvenous atrial defibrillation [ab- 
stract]. J Am Coil Cardiol 1994;23:125A. 
3. Cooper RAS, Alferness CA. Smith WM, ldeker RE. Internal eardioversion 
of atrial fibrillation in sheep. Circulation 1993:87:1673-86. 
4. Avers GM, Griffin JC, llina MB. Wagner DO, Sirokman WA, Bocek JM, 
White HG, Alferness CA. An implantable atrial defibrillation: initial expe- 
rience with a novel device [abstract I. PACE 1994:17:769. 
5. Avers GM, Alfemess CA, llina MI, Sirokman WA, Adams JM, Griffin JC 
Ventricular proarrhythmic effects of ventricular cycle length and shock strength 
in a sheep model of tran~enous atrial defibrillation. Circulation 1994:89:413-22. 
6. Ortiz J, Niwano S, Abe H, Gonzalcz X, Ayers GM, Waldo AL. Transvemms 
atrial defibrillation in two canine models of atrial fibrillation [abstract[. J Am 
Coil Cardiol 1994;23:125A. 
7. Kumagai K, Yamanouchi Y, Hiroki T, Arakawa K. Effects of transcathctcr 
cardioversion of chronic lone atrial fibrillation. PACE 1991; 14:1571-5. 
8. Kumagai K, Yamanouchi Y. Tashiro N, Hiroki T. Arakawa K. Low cner D 
synchronous transcatheter cardio~.ersion f atrial fibrillation/flutter in Ihc 
dog. J Am Coil Cardiol 1990;16:497-501. 
9. Murgatroyd FD, Slade AKB, O'Farrcll DM. Rowland E, Ward ED. ('atom 
AJ. Transvenous low-energy cardioversion of short duration atrial fibrillation 
in humans [abstract]. J Am Coil Cardiol 1994;23:484A. 
10. Keane D. A review of experimental nd clinical studies ot atrial defibrilla- 
tion: implications for the design of an implantable atrial defibrillator. Eur J 
Cardiac Pacing Eleetrophysiol 1993;4:308-14. 
11. Johnson EE, Yarger MD, Wharton JM. Monophasic and biphasic wave 
forms for low energy internal cardioversion of atrial fibrillation in humans 
[abstract]. Circulation 1993;88:I-5t;2. 
12. Alt E, Schmitt C, Ammer R, Coenen M, Fotuhi P. Karch M, Blasini R. Initial 
experience with intracardiac atrial defibrillation in patients with chronic 
atrial fibrillation. PACE 1994:17:1%7-78. 
13. Keane D, Boyd E, Anderson D, Robles A, Deverall P, Morris R, Jackson G, 
Sowton E. Comparison of biphasic and monophasic waveforms in epicardial 
atrial defibrillation. J Am Coil Cardiol 1994:24:171-6. 
14. Waldo AL, MacLean WAH. Diagnosis and Treatment of Arrhythmias 
Following Open Heart Surgery--Emphasis on the Use of Epicardial Wire 
Electrodes. Armonk (NY): Futura, 1980. 
15. Wells JL Jr, MacLean WAH, James TN, Waldo AL. Characterization f 
atrial flutter. Studies in man after open heart surgery using fixed electrodes. 
Circulation 1979;60:665-73. 
16. Wells JL Jr, Karp RB, Kouchoukus NT, MacLean WAH, James TN, Waldo 
AL. Characterization f atrial fibrillation in man. Studies following open 
heart surgery. PACE 1978;1:426-38. 
17. Waldo AL, Arrhythmias following open heart surgery: role of cardiac pacing 
and recording. In: Grillo HC, Austen WG, Wilkins EW, Mathisen D J, 
Vlahakes GJ, editors. Current Therapy in Cardiothoracic Surgery. Toronto: 
B.C. Decker, 1989:289-92. 
18. Waldo AL. Atrial fibrillation following open heart surgery: mechanisms and 
treatment. In: Olsson SB, Allessie MA, Campbell RWF, editors. Atrial 
Fibrillation--Mechanisms and Novel Therapeutic Strategies. Armonk (NY): 
Futura, 1994:211-23. 
19. Harris PD, Singer DH, Maim JR, Hoffman BF. Chronically implanted 
cardiac electrodes for diagnostic, therapeutic and investigational use in man. 
J Thorac Cardiovasc Surg 1967;54:19l-8. 
20. Harris PD, Maim JR, Bowman FO, Hoffman BF, Kaiser GA, Singer DH. 
Epicardial pacing to control arrhythmias following cardiac surgery. Circula- 
tion 1968;37:178-83. 
21. Waldo AL, MacLean WAH, Cooper TB, Kouchoukos NT, Karp RB. The 
use of temporarily placed epicardial atrial wire electrodes for the diagnosis 
and treatment ofcardiac arrhythmias following open heart surgery. J Thorac 
Cardiovasc Surg 1978;76:500-5. 
22. Creswell LL, Schuessler RB, Rosenbloom M, Cox JL. Hazards of postoper- 
ative atrial fibrillation. Ann Thorac Surg 1993;56:539-49. 
23. Michelson EL, Morganroth J, MacVaugh H. Postoperative arrhythmias fter 
coronary artery and cardiac valvular surgery detected by long-term electro- 
cardiographic monitoring. Am Heart J 1979;97:442-8. 
24. Yousif H, Davies G, Oakely CM. Peri-operative supraventricular arrhyth- 
mias in coronary bypass urgery. Int J Cardiol 1990;26:313-8. 
25. Ortiz J, Johnson N J, Waldo AL. A new, reliable canine model of atrial 
fibrillation. Circulation In Press. 
26. Pag6 PL, Plumb VJ, Okumura K, Waldo AL. A new model of atrial flutter. 
J Am Coil Cardiol 1986;8:872-9. 
27. Shimizu A, Nozaki A, Rudy Y, Waldo AL. Onset of induced atrial flutter in 
the canine pericarditis model. J Am Coil Cardiol 1991;17:1223-34. 
2& Alferness CA, llina MI, Wagner DO, Kreyenhagen PE, Griffin JC, Ayers 
GM. Comparison of a dual to a single lead system for transvenous atrial 
defibrillation [abstract]. PACE 1993;16:854. 
29. [deker RE, Cooper RAS, Walcott KT. Comparison of atrial ventricular 
fibrillation and defibrillation. PACE 1994;17:1034-42. 
30. Alferness CA, Ayers GM, Cooper RAS, Ideker RE. Lead systems for atrial 
defibrillation. PACE 1994;17:1043-7. 
31. Allessie MA, Rensma PL, Brugada J, Smeets JLRM, Penn O, Kirehhof CIHJ. 
Pathophysiology of atrial fibrillation. In: Zipes DP, Jalife J, editors. Cardiac 
Electrophysiology. From Cell to Bedside. Philadelphia: Saunders, 1990:548-58. 
32. Saksena SA, Chandran P, Shah Y, Boccadamo R, Pantopoulos D, Rothbart 
ST. Comparative efficacy of transvenous cardioversion a d pacing in patients 
with sustained ventricular tachycardia:  prospective, randomized, crossover 
study. Circulation 1985;72:153-60. 
33. Niwano S, Sokoloski MC, Ortiz J, Khrestian C, Ayers GM, Waldo AL. 
Evaluation of ventricular vulnerability and safety during atrial defibrillation 
via implanted transvenous catheters in the sterile pericarditis model [ab- 
stract]. Circulation 1994;90 Supp[ I:I-13. 
34. Zipes DP, Jackman WM, Heger J J, et al. Clinical transvenous cardioversion of
recurrent life-threatening ventricular tachyarrhythmias: low energy synchro- 
nized cardioversion of ventricular tachycardia and termination of ventricular 
fibrillation in patients using a catheter electrode. Am Heart J 1982;103:789-94. 
35. Jackman WM, Zipes DP. Low energy synchronous cardioversion ofventric- 
ular tachycardia using a catheter electrode in a canine model of subacute 
myocardial infarction. Circulation 1982;66:187-95. 
36. Ortiz J, Sokoloski MC, Niwano S, Ayers GM, Waldo AL. Effects of 
/3-methacholine onthe atria: implications for understanding atrial fibrillation 
and transvenous atrial defibrillation [abstract]. PACE 1994;17:790. 
37. Murgatroyd FD, Johnson EE, Cooper RA, et ah Safety of low energy 
transvenous atrial defibrillation--world experience [abstract]. Circulation 
1994:90 Suppl I:I-14. 
